Several techniques, including flow microfluorometry, were utilized to study the effect of insulin on the owth of cultured cells. It was demonstrated that chick fibrorlasts can be stimulated to synthesize DNA and undergo mitosis after insulin addition. The kinetics of the cell movement through the cell cycle as well as the length of the cycle itself, however, were distinctly different in insulin-and serum-treated cultures.
incapable of triggering the initiation of DNA synthesis, or that it can only stimulate the initiation of DNA synthesis, but not the completion of DNA synthesis and mitosis (10) (11) (12) . Nevertheless, in most cases after the addition of insulin, a substantial increase was reported in the acid-precipitable material labeled with [3H]thymidine (11, 12) . The reason behind the reported lack of concomitant increase in cell number has not been clear. In addition, insulin does not stimulate DNA synthesis in certain cell lines of mouse embryo fibroblasts (13) . In short, the total picture of insulin action on growth regulation has been confusing and at times contradictory (4, 6, 10, 11) .
Previous studies on the response to insulin have primarily followed cell growth by measuring either [3H]thymidine incorporation into DNA, or increases in the mitotic index and cell number. The fate of cells which may have been stimulated to grow by insulin has never been clearly defined. The technique of flow microfluorometry (FMF; ref. 14) , developed for the detection of DNA content per cell, makes it possible to monitor cells as they progress through the cell cycle. The possible role of insulin as a growth-stimulating factor was determined by detailed analysis of the kinetic responses as indicated by various growth-parameters which included the cell cycle sequence of confluent embryo fibroblasts after the addition of insulin or chick serum. The differences observed between insulin-and serum-treated cultures, and some of the contradictory results reported in the literature, may be understood in the light of the present work. Results of dose response to insulin shown in Fig. 1 Fig. 2 . In all the control histograms, there was a peak of G2 + M cells representing from 5 to 10% of the total population. Additional movement of cells out of G1 was evident only in cultures stimulated with insulin or serum. FMF patterns indicated that insulin-stimulated cells began entering S before serum-stimulated cells. However, the former appeared to move through S and G2 + M more slowly and synchronously than the latter. The insulin-stimulated cells began accumulating in G2 + M starting at about 14 hr; whereas, the serum-stimulated cells never really accumulated in this phase of the cell cycle but moved on through mitosis into G1. This observation is consistent with the increase in cell number occurring in serum-stimulated cultures before the increase seen with insulin stimulation, as will be discussed later.
To determine the total number of cells in each culture that had traversed S and G2 by 22 on the one hand, and total increase in DNA synthesis on the other hand, especially for the early time points.
To bring the various elements of our measurements together and determine their correlation with the increase in cell number, the experiment shown in Fig. 6 was performed. Fig. 6a shows a 1 hr pulse of [3H]thymidine incorporation into the acid-insoluble fraction, which, as shown above, correlates with the actual DNA synthesis in our system, as indicated in Figs. 4 and 5. While after 27 hr, cells in serum continue to synthesize DNA at a slower rate, insulin-treated cultures have gone through one synchronous wave of DNA synthesis. Fig. 6b shows the approximate number of cells in S and G2 + M as a function of time calculated from FMF studies. Fig. 6c shows the percent of labeled nuclei as measured by autoradiography after continuous labeling with [3H]thymidine. The data are consistent with the idea that cells in insulin enter S earlier than those that are serum-treated, and that the cells show prolonged, but synchronous, S and G2 + M phases. The continuous increase in the percentage of labeled nuclei in serum-treated cultures then is due in part to early division of previously labeled cells. Fig. 6d depicts the increase in cell number which is consistent with the above picture. As (Fig. 6b) , autoradiography (Fig. 6c) , and for cell counting (Fig. 6d) were described in Materials and Methods. The [3Hjthymidine added was at 1 MCi/ml (specific activity was 20 Ci/mmol; Fig. 6a ) and 1 jACi/mi (specific activity was 5 Ci/mmol; Fig. 6c ). This proportions of cells at S and G2 + M phases shown in Fig. 6b were obtained by integration of FMF patterns. Fresh medium (--), insulin (@--), and serum (0-0).
blasts (21) indicates that the action of insulin on these cells indeed may be the result of hormone-receptor interaction.
There seems to be little agreement in the literature as to the means by which "growth" or "mitogenicity" should be measured. The measurement of acid-precipitable radioactivity after a 1 hr pulse with [3H]thymidine has been the most popular procedure for DNA measurement. However, because this procedure is dependent on both the rate of uptake of thymidine and its incorporation into DNA, it can be used only as a qualitative estimate of DNA synthesis. In addition, the sampling time is of critical importance. Short sampling times after insulin addition would tend to exaggerate the degree of stimulation of DNA synthesis; sampling times between 15 and 30 hr would miss the effect entirely due to the synchronous stimulation of DNA synthesis and delayed mitosis. Measurement of the specific radioactivity of DNA isolated from cells at various times after stimulation gives a more accurate rate of [3H]thymidine incorporation into DNA, but is still subject to the variation in the specific radioactivity of the thymidine pool. Measurement of total DNA per dish suffers from the insensitivity of DNA analysis technique, and is also subject to the variation caused by cell detachment. The cell population stimulated to synthesize DNA can be measured by autoradiography, if the cells are continuously labeled with [3H] thymiidine. This technique is very sensitive, gives some information about the synchrony of the stimulated population, but may give false positives due to the existence of DNA repair. In addition, the procedure is tedious and would tend to exaggerate the percent increase in labeled nuclei after serum addition because of rapid cell division unless mitosis is inhibited.
In this report, we chose to compare the results obtained by all these techniques and correlated them with flow microfluorometric analysis, a technique that measures the actual progression of the cells through the cell cycle.
The picture that emerges of insulin action on confluent culture of chick fibroblasts is as follows: 16 milliunits of insulin per ml of culture medium, which is close to physiological insulin level, stimulates 30-50% of the cells to enter S after 2-3 hr. The cells move rather synchronously into G2 with a mean S residence of [6] [7] [8] hr. The cells eventually divide, after a mean G2 + M residence of [12] [13] [14] [15] [16] hr. By any definition of "mitogenicity", therefore, insulin is mitogenic for a significant proportion of cell population under our culture conditions. It can further be concluded that insulin acts during some part of the G1 phase of the cell cycle. In addition, the kinetics of the insulin response explains some of the contradictory results reported in the literature (4, 10, 12 ). Yet it is obvious from Fig. 1 that increased levels of insulin above 16 to be seen. Alternatively, the ability of insulin to stimulate growth may be due to an entirely different aspect of its structure, such as the proteolytic activity reported to be associated with this hormone (29) .
